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Ultrashort echo time (UTE) imaging is a well-known technique used in medical MRI, however, the imple-
mentation of the sequence remains non-trivial. This paper introduces UTE for non-medical applications
and outlines a method for the implementation of UTE to enable accurate slice selection and short acqui-
sition times. Slice selection in UTE requires fast, accurate switching of the gradient and r.f. pulses. Here a
gradient ‘‘pre-equalization’’ technique is used to optimize the gradient switching and achieve an effective
echo time of 10 ls. In order to minimize the echo time, k-space is sampled radially. A compressed sensing
approach is used to minimize the total acquisition time. Using the corrections for slice selection and
acquisition along with novel image reconstruction techniques, UTE is shown to be a viable method to
study samples of cork and rubber with a shorter signal lifetime than can typically be measured. Further,
the compressed sensing image reconstruction algorithm is shown to provide accurate images of the sam-
ples with as little as 12.5% of the full k-space data set, potentially permitting real time imaging of short T2*
materials.
 2014 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Ultrashort echo time (UTE) [1] imaging is a valuable technique
for imaging short T2 and T2* samples, however, its implementation
is challenging and acquisition times can be long. Although the UTE
pulse sequence is simple in theory, successful implementation
requires accurate timing and a detailed understanding of the hard-
ware performance [2]. This paper outlines a method to implement
and optimize UTE to achieve accurate slice selection. The pulse
sequence is also combined with compressed sensing (CS) [3] to
reduce the acquisition time and potentially enable the study of
dynamic systems.
UTE imaging was introduced to enable imaging of tissues in the
body with short T2 materials [1]. UTE has been used to study
cartilage, cortical bone, tendons, knee meniscus and other rigid
materials that would produce little or no signal from conventional
imaging techniques [4–8]. However, few studies have been shown
outside of medical imaging, despite widespread interest in short T2
and T2* materials.
Many materials of interest in science or engineering
applications will present short T2 and T2* relaxation times due toheterogeneity. These systems could include chemical reactors,
plants in soil, shale rock, or polymeric materials. In a polymer
network the T2* can range from the order of 10 ls to 1 ms depend-
ing on the rigidity of the network [9]. The other systems present
similarly short relaxation times. Thus, UTE will open new possibil-
ities for studying a range of materials outside of the medical ﬁeld.
Chemical reactors, such as ﬂuidized beds [10,11], are particu-
larly challenging to study as they are dynamic and thus require
short acquisition times. Techniques such as Echo Planar Imaging
(EPI) and Rapid Acquisition with Relaxation Enhancement (RARE)
are fast but not well suited to materials with short relaxation
times. Fast Low Angle Shot (FLASH) is a gradient echo technique
and can be used for rapid imaging of relatively short T2 material,
however, it is heavily T2* weighted, which limits the signal to noise
ratio achievable [12]. Single Point Imaging (SPI) is a pure phase
encode technique that can be implemented with very short
dephasing times and is therefore well suited to imaging short T2
and T2* materials. However, relatively long acquisition times are
required, even with fast SPI techniques such as SPRITE [9]. Slice
selection with pure phase encoding is also a challenge so it is com-
monly used for three dimensional rather than two dimensional
acquisitions, further increasing the acquisition time. Other tech-
niques commonly used for short T2 and T2* materials are sweep
imaging with Fourier transformation (SWIFT) [13] and zero echo
time (ZTE) [14], however these are also not slice selective. UTE
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material with slice selection.
The acquisition time for UTE images may still be too long for
studying evolving systems such as ﬂuidized beds. Recently, CS
has been introduced to reduce the acquisition time of MRI experi-
ments by up to an order of magnitude [3,15,16]. CS works by
exploiting the natural structure of MR images to reconstruct
images accurately from partially sampled k-space data. CS has
been applied to many systems [17–21] and pulse sequences but
to the authors knowledge, has not yet been used with UTE.
One of the challenges associated with implementing UTE is
ensuring that the gradient shape is generated accurately. It is well
known that the gradient shape produced by the gradient ampliﬁers
and coil does not match the input gradient perfectly. The error in
gradient shape is typically corrected through the gradient pre-
emphasis. However, the pre-emphasis may not produce the exact
input gradient especially when short ramp times are used as in
UTE. In most imaging sequences the remaining error is small
enough that it does affect the ﬁnal image. UTE is sensitive to the
shape of the slice selection gradient, therefore it is desirable to
ensure the gradient shape is accurate. A recently published
technique by Goora et al. [22] introduces the idea of gradient
pre-equalization as a technique to correct for the induced errors
in gradient shape when using a short ramp. Their approach is
applicable on almost any hardware platform and therefore is
appealing for UTE imaging applications in material science and
chemical engineering.
In this paper, common artifacts associated with the slice selec-
tion in UTE are illustrated using simulations of the Bloch equation.
Experimental measurements are then used to demonstrate the
implementation of accurate slice selection using UTE. In order to
ensure accurate slice selection, the shape of the slice selection gra-
dient was optimized by introducing the gradient pre-equalization
of Goora et al. [22]. To reduce the acquisition time without intro-
ducing artifacts CS is used for image reconstruction. The UTE
sequence is developed using a sample of doped water and the
potential of UTE is demonstrated using samples of cork and rubber
that have short T2* and T2.2. Background of UTE
UTE uses a soft excitation pulse, typically of a half Gaussian
shape, to minimize the echo time (TE) [23]. Slice selection is
achieved by applying a gradient at the same time as the soft pulse.
When using a full Gaussian pulse, a second gradient is used to refo-
cus the spins that have dephased during the second half of the
radiofrequency (r.f.) pulse. This gradient must have the same area,
but opposite sign, as that used during the second half of the r.f.
pulse. Therefore, the refocusing gradient is typically of half the
duration of the r.f. pulse. The duration of the refocusing gradient
limits the minimum TE for slice selective excitations. The mini-
mum TE for the sequence would occur if the acquisition were to
begin immediately after the negative gradient lobe typically corre-
sponding to around 0.5 ms or more. UTE overcomes this limitation
by using the half shape which is formed by truncating the full
shape at the zero phase point [24]. As the excitation ends at the
zero phase point, the refocusing gradient is not needed and the
acquisition can begin as soon as the r.f. pulse ends. However, as
the excitation is truncated it gives a dispersion excitation, that is
an excitation with both real and imaginary terms. To eliminate
the imaginary component of the excitation the sequence needs to
be executed twice. The two acquisitions are identical except that
the slice select gradient has opposite sign. The sum of these two
acquisitions produces an identical slice to that produced by a full
Gaussian and refocusing gradient as the imaginary signals, i.e.the dispersion peaks, cancel and the real signals, i.e. the absorption
peaks, add [24].
A half Gaussian excitation requires the slice gradient to be
switched off at the same time as the r.f. pulse ends. In practice it
is impossible to switch off a gradient immediately owing to limita-
tions in the slew rate that can be achieved by the gradient hard-
ware. It is therefore necessary to switch the gradient off
relatively slowly using a ramp. However, as the gradient strength
decreases the instantaneous, apparent slice thickness of the r.f.
pulse increases. Variable Rate Selective Excitation (VERSE)
[25,26] is used to reshape the r.f. pulse to account for the time
varying strength of the slice gradient. The VERSE pulse is designed
such that the real-space bandwidth of the pulse remains constant
as the gradient is decreased. A constant bandwidth is achieved by
decreasing the power of the r.f. pulse, whilst increasing its duration
and keeping the total applied power constant. This allows for the
r.f. and gradient pulses to be switched off simultaneously.
In order to minimize T2* weighting, acquisition in a UTE
sequence starts as soon as possible after the slice gradient switches
off, typically about 10–50 ls is required to allow for ring down of
the coil. As the acquisition starts immediately, a center out, non-
Cartesian, sampling of k-space is required as there is no time for
a phase encode gradient or de-phasing read gradient [24]. Typically
k-space is sampled radially however, spiral sampling has also been
used for samples with a somewhat longer signal lifetime [6]. A cen-
ter out sampling pattern is desirable as it minimizes the echo time
and ensures maximum signal sampled at the center of k-space. A
drawback of non-Cartesian sampling is that it prevents the use of
the fast Fourier transform (FFT), and therefore image reconstruc-
tion becomes prohibitively time consuming for many images. To
overcome this limitation, ‘‘re-gridding’’ techniques have been
developed to interpolate the measured signal onto a regular Carte-
sian grid which can then be transformed using the FFT [27]. It is
important to choose the convolution function for this interpolation
process accurately. Theoretically, a sinc function of inﬁnite extent
should be used, however, this is not practical. Common alternative
convolution functions include truncated sinc interpolation, Kaiser–
Bessel interpolation and min–max interpolation [28,29]. Such re-
gridding techniques permit image reconstruction in almost the
same time as with Cartesian sampling.
Non-Cartesian sampling, especially radial sampling, acquires
data non-uniformly throughout k-space. In the case of radial sam-
pling, many more points are acquired at the center of k-space (i.e.
in the low spatial frequency region). If all data points are weighted
equally, the Fourier transform would be biased to these low fre-
quency data resulting in a low spatial resolution, or heavily
blurred, image. Density compensation is used to overcome this
limitation [30]. Density compensation considers the sampling den-
sity throughout k-space and uses a weighting function to correct
for this. For radial sampling the weighting function will increase
the contribution of the points around the edge of k-space prior to
re-gridding and Fourier transformation.
Re-gridding with density compensation alone can produce
blurring and artifacts in the reconstructed image, especially if the
number of lines in the radial sampling pattern is small. An alterna-
tive approach is to iteratively reconstruct the image based on the a
priori assumption that the unknown spin proton density image is
sparse with respect to a speciﬁc representation. This assumption
results in nonlinear optimization methods such as CS [3,16–19].3. Methods
All experiments were performed using a Bruker, AV400 spec-
trometer, operating at a 1H resonance frequency of 400.23 MHz.
A three-axis, shielded gradient system with a maximum strength
ky
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Fig. 1. (a) Two dimensional UTE imaging sequence. A ramped, half Gaussian, slice
selective, soft pulse is used for excitation. Two excitations are used for each line
acquired in k-space to produce a Gaussian shaped slice selection. (b) k-Space is
mapped radially by varying the strength of the x and y gradients.
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eter birdcage r.f. coil was used for excitation and signal detection.
3.1. Numerical simulations
The Bloch equations were used to simulate artifacts that can
arise during UTE slice selection. The Bloch equations describe the
evolution over time of the magnetization in x, y, and z (Mx, My,
andMz) as a function of the strength of the homogeneous magnetic
ﬁeld (B0), any applied gradients in the magnetic ﬁeld (G), trans-
verse relaxation (T2), and longitudinal relaxation (T1).
dMx
dt
¼ cMyðB0 þ G  rÞ MxT2 ð1Þ
dMy
dt
¼ cMxðB0 þ G  rÞ MyT2 ð2Þ
dMz
dt
¼ ðMz M0Þ
T1
ð3Þ
The Bloch equations were solved in Matlab using numerical
integration [31]. A homogeneous sample of length 5 mm was used
and resolved with a spatial resolution of 0.1 mm. The temporal
resolution of the r.f. and gradient shape was 1 ls.
The Bloch equations were used to compare three different slice
selection proﬁles for a 1024 ls full Gaussian pulse, a 512 ls half
Gaussian pulse with positive and negative slice selection and a
537 ls VERSE pulse with positive and negative slice selection.
The 537 ls VERSE pulse was then used for artifact simulation.
The potential artifacts arising from errors in timing during UTE
slice selection were simulated, with the gradient pulse switching
off 10 ls before or after the VERSE r.f. pulse. The latter shows a
similar artifact as would be obtained if VERSE were not used, as
in that case the ramp down of the gradient will be longer than
the ramp down of the r.f. pulse.
3.2. Experimental
The implemented pulse sequence for UTE is shown in Fig. 1. The
sequence can be split into two almost identical parts, each consist-
ing of an excitation pulse and slice select gradient, a set delay or TE,
then the acquisition. The acquisition is displayed as a free induc-
tion decay (FID) during which gradients in both the x and y direc-
tion are ramped up to acquire radially sampled data as shown in
Fig. 1b. The spokes are sampled from the center out which means
that the maximum signal of the FID is sampled in the center of k-
space. The only difference between the ﬁrst and second half of the
sequence is the sign of the slice select gradient. The acquired data
from both the positive and negative slice select experiments are
added prior to using a re-gridding approach to obtain the image.
Here, the re-gridding algorithm of Fessler and Sutton is used [29].
The sensitivity of an MRI sequence to T2 relaxation is character-
ized by the TE which is a measure of the T2 or T2* weighting of a
sequence and, in this study, refers to the time after excitation at
which the center of k-space is acquired. If the signal lifetime is
shorter than the TE, there will be little signal left during acquisition
and hence the signal to noise ratio (SNR) of the image will be low
and in the limit approximately zero. In a spin echo, TE is deﬁned as
twice the time between the 90 and 180 pulses, or the time from
the zero phase point of the excitation to the peak of the spin echo;
the gradient echo and spin echo coincide. The minimum TE for a
spin echo is on the order of 1 ms. In a gradient echo sequence TE
is deﬁned as the time between the excitation and center of the gra-
dient echo, and the minimum TE that is achievable is typically on
the order of 0.5 ms. In UTE, the TE is deﬁned as the time between
the end of the r.f. pulse and the beginning of the data acquisition, acenter-out trajectory is used hence the TE can be short. Typically a
TE of 100–250 ls is used, however times as short as 8 ls have been
reported [6].
The implementation of the sequence can be separated into two
key areas: (i) the implementation of slice selection and (ii) the
image reconstruction. Each of these aspects of the UTE sequence
will be affected by the particular hardware used. In the following
we discuss both aspects of UTE and present a simple technique
to visualize the slice excitation proﬁle.3.2.1. Implementation of slice selection
The r.f. and gradient shape must be well matched to ensure
accurate slice selection. Here, the slice select gradient is ramped
down from constant strength to zero over a few microseconds.
The r.f. pulse for UTE excitation was reshaped to match the
gradient using VERSE [26]. To apply VERSE, the center point of
the gradient ramp is placed at the original end point of the half
Gaussian r.f. pulse. The VERSE principle is then used to reshape
the r.f. pulse to match the ramped switch off of the slice gradient.
The r.f. pulse is scaled such that the area of the new pulse shape is
equivalent to that of the original half Gaussian r.f. pulse. The use of
VERSE compensates for the limited slew rate achievable by the gra-
dient ampliﬁers and helps to ensure accurate slice selection. For
the experiments shown here, the gradient pulse was deﬁned with
a 50 ls linear ramp from the constant value to zero and the r.f.
ramp down time was therefore set to match this.
The oscilloscope can be used to measure the output gradient
shape from the ampliﬁers; however, there is still some variation
between the ampliﬁers and the gradient input to the sample. It is
therefore desirable to measure the applied gradient directly. Here,
the applied gradient is measured using the technique of Duyn et al.
[32]. The sequence measures the phase change across a thin slice in
a homogeneous sample. This phase change corresponds to a direct
measurement of position in k-space. The derivative of the
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is produced by the gradient coil as a function of time.
Using measurements of the gradient, the shape of the gradient
is corrected using a method known as gradient pre-equalization
[22]. The method is outlined in Fig. 2. Initially, the input gradient
is deﬁned as a step function, u(t), that switches instantaneously
from zero to a constant value. The resulting output, y(t), is mea-
sured using the gradient measurement technique of Duyn et al.
[32]. The measured gradient shape is then used to approximate
the impulse response, h(t), of the gradient ampliﬁer and coils.
The impulse response is a feature of the system being used and
is approximated as the derivative of the measured output gradient
in response to an input step function:
d
dt
yðtÞ ¼ hðtÞ: ð4Þ
The impulse response is then used to estimate the input func-
tion to the gradient ampliﬁer, xp(t), that is required to achieve a
desired output gradient shape, yd(t).
xpðtÞ ¼ F1 F½ydðtÞF½hðtÞ
 
: ð5Þ
Eq. (5) describes a deconvolution of the impulse response from
the desired shape. Deconvolution is prone to amplifying noise as it
involves division in the frequency domain. To overcome this, Goora
et al. [22] model their measured gradient using a polynomial. Here,
we use a Gaussian ﬁlter, with a standard deviation of 200,000 Hz,
in the Fourier domain to suppress the noise. The resulting shape
is then applied to the MRI system and the output gradient shape
is measured using the method of Duyn et al. [32].
An oscilloscope is used to measure the approximate timing of
the r.f. and gradient pulses. The time at which the r.f. pulse is
applied is adjusted until the two pulses end at the same time. This
timing is later optimized experimentally as there is a slight delay of
approximately 20 ls between the input from the gradient ampli-
ﬁer and the actual applied gradient. The optimization is performed
using the slice measurement technique that will be described in
Section 3.2.3.3.2.2. Image reconstruction
The k-space data for UTE is acquired on a non-Cartesian grid.
The NUFFT algorithm of Fessler and Sutton [29] is used to perform
the re-gridding and subsequent fast Fourier-transformation of the
k-space data points. The k-space trajectory is measured using the=
y(t) u(t) h(t)
xp(t)
=
yd(t) h(t)
Fig. 2. The principle of the method used to calculate the impulse response function
of the gradient on a speciﬁc instrument is shown. The impulse response of the
system is calculated from the derivative of the measured step. The impulse
response function can then be used to determine the necessary input shape that
will produce the desired gradient shape.technique of Duyn et al. [32] as accurate image reconstruction
requires precise knowledge of the trajectory. The images are
reconstructed using the total variation based regularization
method as described in Benning et al. [33]. A brief description of
the approach used here is
ua;b 2 arg min
u
1
2
jjFu f jj22 þ ajjrujj2;1 þ bjjujj1
 
ð6Þ
which is a Tikhonov-type reconstruction with total variation prior
and, in the context of under sampled MRI, is often referred to as
CS [3]. Here u denotes the spin density image, F the non-uniform
fast Fourier transform (NUFFT) operator, r a forward ﬁnite differ-
ence discretization of the gradient operator, ||u||1 the one-norm,
||ru||2,1 the one-norm applied to
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðrxuÞ2 þ ðryuÞ2
q
, a the
regularization parameter for the gradient term, b the regularization
parameter for the image, f the measured k-space data and ua,b the
image to be recovered. Lustig et al. [17] used a similar method (with
||ru||1,1 instead of ||ru||2,1) as an optimization method as it had
been shown to successfully overcome the blurring and ringing arti-
facts present in the zero-ﬁlled reconstruction. The regularization
parameters, a and b, are chosen heuristically. For robust methods
used to select regularization parameters see Benning et al. [33].
3.2.3. Measurement of slice
The slice selection proﬁle was measured using the one dimen-
sional imaging sequence shown in Fig. 3. The sequence uses a
frequency encoded acquisition applied in the same direction as
the slice selection. Two homospoil pulses, one on either side of
the 180 hard pulse, and a four step phase cycle are used to ensure
that only signal relating to the spin echo is detected. As in the 2D
sequence, there are two acquisitions, which will be added together
to measure the slice that has been selected. Both acquisitions are
Fourier transformed to show the real signal as an absorption peak
and the imaginary signal as a dispersion peak. These can be added
together to achieve a purely real Gaussian excitation. The slice
measurement sequence is used to ensure accurate timing of the
r.f. excitation and slice select gradient, such that these end simul-
taneously. A pure phase encode method was also tested for imag-
ing the slice selection. The results were equivalent.
The slice bandwidth was measured from the full width at half of
the maximum (FWHM) of the real excitation proﬁle. The absolute
value could also be used for the optimized acquisition as the
imaginary signal is zero. The measured slice bandwidth was used
to calculate the slice thickness in subsequent UTE imaging
experiments.
3.2.4. Samples
Four samples are used in this study. A homogeneous sample of
doped water is used for all gradient measurements and for 1D slice
selection imaging. The water is doped with 0.23 mM gadolinium
chloride to give a T1 of 120 ms and a T2 of 105 ms. To test the
UTE imaging sequence, two samples are used with different T2
and T2* relaxation times. The second sample was comprised of
5 mm glass beads randomly packed into a 20 mm inner diameter
glass tube. The glass beads were surrounded by water doped with
0.23 mM gadolinium chloride. The sample has a T1 of 690 ms, T2 of
540 ms, and a T2* of 2 ms. The third sample is composed of two rect-
angular pieces of cork with a T1 of 420 ms and a T2* of 0.12 ms. The
T2 for the cork was too short to measure with the available hard-
ware however is assumed to be less than 0.5 ms and likely on
the order of the T2* . The fourth sample is comprised of 10 mm glass
beads surrounded by rubber particles (a cured blend of thermoset
rubber, SoftPoint Industries Inc.). The T2* of the rubber is approxi-
mately 75 ls and, again, it is not possible to measure T2 with the
available hardware. The bead pack is used to quantify the accuracy
90˚ pulse 180˚ pulse 90˚ pulse
r.f.
slice
homospoil
180˚ pulse
Fig. 3. The one dimensional pulse sequence used to measure the slice selected in a UTE sequence is shown. The excitation is the same as is seen in the 2D sequence however, a
180 pulse is added to form a spin echo. The two acquisitions will be added to show the shape of the slice selected.
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equaling half of the area of the gradient during the pulse. (c) Shows a simulation of
the slice selected using the r.f. and gradient pulses from (a) and (b).
(a) (b)1 13.2.5. Experimental details
The development of the r.f. excitation pulse for the UTE imaging
sequence started with a 1024 ls Gaussian pulse, 1500 Hz FWHM.
The re-shaped VERSE excitation pulse was 537 ls in length. A slice
selection gradient of 5.1 G cm1 was used to give a 1 mm thick
slice. Both r.f. and gradient pulses were switched off using a
50 ls ramp. A ring down delay of 10 ls was set before the acquisi-
tion started. The acquisition gradient strength was increased over
50 ls prior to reaching a maximum value of 10.6 G cm1. Each of
64 radial spokes was acquired with a sweep width (SW) of 106
and 400 complex points. The images are reconstructed on a
128  128 pixel grid corresponding to a resolution of
0.2 mm  0.2 mm  1 mm with a 25 mm FOV. The sequence is
run with a two-step phase cycle to eliminate the DC offset and
the total acquisition time for the image was 2 min.
The second UTE sequence is run using the same parameters,
however, only one average with 32 spokes of data is acquired
and a 10 tip angle is used to further reduce the acquisition time.
The total acquisition time for this sequence was 500 ms.
Slice selection was validated using a uniform sample of doped
water and the pulse sequence shown in Fig. 3. The slice select
gradient was set to 5.1 G cm1 and the acquisition gradient was
set to 11.7 G cm1. The homospoil pulses were set to 22.0 G cm1
and had a duration of 1 ms with a 5 ms delay before and after
the 180 hard pulse. The SWwas set to 106 and 512 complex points
were collected.
As a comparison for the UTE image, a spin echo image was run
for each sample. The spin echo used a TE of 3 ms with a resolution
of 0.2 mm  0.2 mm  1 mm. A 512 ls Gaussian pulse was used
for slice selection and the SW was set to 105. The total acquisition
time for the image was 4 min.Si
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Fig. 5. Simulations of the slice excited using (a) a positive slice selection gradient
and (b) a negative slice selection gradient. The imaginary signals, denoted by the
dotted line, are exactly opposite. The real signals, denoted by the solid line are
identical. Thus, the sum of (a) and (b) would produce a purely real slice selection.4. Results
In the following, UTE is ﬁrst simulated using the Bloch equa-
tions to demonstrate the concept and illustrate the artifacts that
commonly arise during slice selection. The gradient optimization
and slice selection are then explored. The accuracy of UTE image
reconstruction is demonstrated using a challenging sample with
a complex three dimensional structure. The beneﬁts of UTE are
then shown by imaging two samples, one of cork and one of rub-
ber. Finally, the potential for dynamic imaging is explored using CS.4.1. Slice selection: simulation
Fig. 4 shows a simulation of the Bloch equations for a typical
Gaussian slice selection. A Gaussian r.f. excitation pulse is used
with a gradient on for the duration of the r.f. pulse. The gradient
is then applied in a negative direction for half of the time of the
r.f. pulse with the same magnitude as during the r.f. pulse. The neg-
ative gradient acts to rephase the spins that have been dephased
during the second half of the r.f. pulse. The slice selected by this
sequence is a Gaussian shape as expected. The slice selection for
UTE attempts to emulate the shape of the slice selected using this
traditional method of slice selection, but using a half Gaussian
pulse to reduce TE.
Fig. 5 shows the equivalent slice selection performed using UTE.
UTE uses a half Gaussian pulse for soft pulse excitation, which
eliminates the need for a negative refocusing gradient. However,
the half-Gaussian pulse results in the formation of a complex dis-
persion mode excitation proﬁle. To select a Gaussian slice, the
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references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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Fig. 7. Figures (a) and (b) show common slice artifacts obtained using the UTE,
VERSE excitation. The results are obtained from simulations of the Bloch equations.
If the gradient ends 10 ls before the r.f. pulse as shown in (a), the r.f. pulse excites
signal outside the desired slice. This can be seen as the Gaussian slice does not
decay to zero outside the desired shape. If the gradient ends 10 ls after the r.f.
pulse, as shown in (b), the r.f. pulse produces lobes of signal outside the desired
slice with incorrect phase, in this case a negative phase is seen.
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Fig. 8. The experimental step response function of the gradient is shown in (a). The ideal
by the solid black line. The gradient shape used for UTE is shown in (b). As in (a), the da
shape with gradient pre-equalization. It is difﬁcult to differentiate between the two in thi
the measured gradient, black line, in (b). The grey line shows the measured gradient obta
of the references to colour in this ﬁgure legend, the reader is referred to the web versio
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dient and once with a negative slice select gradient. The imaginary
slice proﬁle for these two acquisitions will be in anti-phase, as
shown in Fig. 5. Therefore, the addition of the two acquisitions
results in a purely real excitation proﬁle, as desired.
Fig. 6 shows simulations of the ideal and VERSE excitation. In
each case, the slice selectionwas run twice, oncewith a positive gra-
dient and once with a negative gradient, then added together; only
the positive gradient is shown in (b) and (e). Fig. 6a shows exactly
half of a Gaussian shaped r.f. excitation, and Fig. 6b shows the cor-
responding slice gradient. The slice selected, Fig. 6c, is identical to
that using a full Gaussian pulse with a negative refocusing gradient
lobe. Experimentally, it is impossible to turn off the gradient pulse
instantaneously. Therefore, VERSE is used to decrease the r.f. power
with the gradient such that the real space bandwidth of the soft
pulse is constant. Fig. 6(d) and (e) show the r.f. and gradient pulses
after VERSE correction. The resulting slice excitation is shown in
Fig. 6f and it is clear that the slice selected is identical to that
selected by both the half Gaussian and the full Gaussian pulses.
The simulations shown in Figs. 4–6 demonstrate that slice
selection using a half Gaussian pulse in combination with VERSE
can be used to eliminate the time required for the negative refo-
cusing gradient, as is well established [23]. These simulations can
also be used to explore what happens when the timing in the pulse
sequence is not accurate.
Fig. 7 illustrates two common artifacts that can arise with UTE
even when using the VERSE pulse. In Fig. 7a, the gradient switches
off 10 ls before the r.f. pulse. The majority of the pulse takes place
while the gradient is on, hence the correct slice is initially excited.
However, as the r.f. pulse continues after the gradient is turned off,
the last part of the r.f. pulse excites the whole sample rather than
only the desired slice. Therefore, the excited slice is seen to have
signal from both the correctly excited slice and the sample outside
the intended slice. If this experiment was used for slice excitation,
the slice would be poorly deﬁned with a large portion of signal
arising from outside the desired slice.
Another common artifact occurs when the gradient switches off
after the r.f. pulse. Spins are dephased during the time that the gra-
dient is on without the r.f. pulse which causes a ﬁrst order phase
change across the sample that is different for the positive and neg-
ative slice selection experiments. Fig. 7b demonstrates the slice
selection artifact that arises when the gradient switches off 10 ls
after the r.f. pulse. The signal has a negative lobe on either side
of the desired slice. Thus, this error in timing also results in a
poorly deﬁned slice. In practice, it is the integral of the complex
slice proﬁle that is detected in each pixel. Therefore, if the gradient
ends after the r.f. pulse the image will be difﬁcult to interpret as0.6 0.7 0.8 0.9 1
.5
0
.5
1
.5
Time (ms)
gradient is given by the dashed blue line while the measured step response is given
shed blue line indicates the ideal shape. The solid black line indicates the measured
s ﬁgure. The red line denotes the input to the gradient ampliﬁer required to produce
ined when the desired shape is used as the input to the gradient. (For interpretation
n of this article.)
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Fig. 9. Experimentally measured slice selection (a) without using gradient pre-
equalization and (b) with gradient pre-equalization. Real, solid black line, and
imaginary, dashed black line, signal for UTE slice selection is shown after addition of
the signal from acquisition with positive and negative gradients applied during the
soft pulse. The experimental signal is overlaid on an ideal Gaussian shape, solid red
line. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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cancel out the positively excited signal from within the slice. A
similar artifact would be observed if the r.f. pulse were not
corrected using VERSE.
4.2. Slice selection: experimental
Fig. 8a shows the measured step response of the gradient. The
corners of a gradient shape are typically rounded, as can be seen
in the step function measured in Fig. 8a. This causes difﬁculty in
matching the relative timing between the gradient and r.f. pulses
as the tail on the gradient ramp down can add phasing effects to
the selected slice. Fig. 8b shows the desired gradient shape, the
output measured when using the desired gradient shape, the input
function estimated using pre-equalization to achieve the desired25 mm
(a)
(c)
(b)
(d)
Fig. 10. (a) Spin echo and (b–d) UTE images of a bead pack ﬁlled with doped water. UTE im
CS with a = 0.001, b = 0.01 and (d) CS with a = 0, b = 0.01. The acquisition time for the spi
(b and c) was done using 64 center-out, radial spokes corresponding to an image time
center-out radial spokes reducing the acquisition time by half, to approximately 1 m
25 mm  25 mm and a spatial resolution of 0.2 mm  0.2 mm with a 1 mm slice thicknshape, and the output measured when using the pre-equalized
input gradient shape. The output in Fig. 8b is shown to closely
match the desired gradient shape, in fact, it is difﬁcult to resolve
the difference between the gradient output and desired shape.
Thus, the gradient pre-equalization produces a higher quality out-
put with greater deﬁnition at the corners of the desired shape in
comparison with the rounded corners of the measured gradient
when using the desired shape as the input. The corrected gradient
shape will help ensure accurate slice selection in UTE imaging.
To test the relative timing between the r.f. and gradient pulses,
a series of slice proﬁles were acquired by shifting the r.f. pulse,
relative to the gradient, in 1 ls intervals. The slice proﬁles shown
in Fig. 9 were acquired using the optimized relative timing. The
ﬁgure shows an ideal Gaussian shape along with both the real
and imaginary signals for the selected slice. This proﬁle was
obtained by adding acquisitions with both positive and negative
gradients applied during slice selection. The proﬁle in Fig. 9a is
using a ramped gradient without pre-equalization. It can be seen
that the ‘‘tail’’ on the gradient has a signiﬁcant effect on the proﬁle
of the selected slice and the artifact shown is similar to the
simulation in Fig. 7b. Fig. 9b shows the slice selection when using
gradient pre-equalization. The combined real signal is a Gaussian
shaped peak and the imaginary signal is effectively zero, in good
agreement with the Bloch equation simulations shown in Fig. 6.
The experimentally measured slice proﬁle closely emulates that
simulated using the Bloch equations.
4.3. Imaging
UTE images using the optimized protocol from Section 3.2 were
acquired of a bead pack with doped water. This sample can be
accurately imaged using both spin echo and UTE pulse sequences
as the T2 is within the limits of spin echo imaging. Images of the
bead pack are used to conﬁrm the accuracy of the UTE imaging0
0.5
1
Signal Intensity
ages are reconstructed using (b) a NUFFT with density compensation algorithm, (c)
n echo image was approximately 4 min with a TE of 3 ms. The UTE reconstruction in
of approximately 2 min with a TE of 10 ls. The reconstruction in (d) used only 32
in with the TE remaining at 10 ls. All images are shown with a ﬁeld of view of
ess.
25 mm
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0.5
1
Signal Intensity
Fig. 12. UTE images of rubber particles around a glass bead acquired with 32
center-out radial spokes. The image is reconstructed using CS with a = 0.00016,
b = 0.06. The image is 25 mm  25 mm with a spatial resolution of
0.2 mm  0.2 mm with a 1 mm slice thickness. The acquisition time was approx-
imately 500 ms with a TE of 10 ls.
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around ﬁve beads that are directly in plane and has blurred edges
around the beads that are partially in plane. The UTE image in
Fig. 10b was reconstructed using re-gridding and density compen-
sation. The image in Fig. 10c was reconstructed using CS. The struc-
ture of the bed is recovered clearly in all three images, though the
image in Fig. 10b is much ‘‘noisier’’ than that in Fig. 10a or c. The
‘‘noise’’ in Fig. 10b is primarily an artifact arising from the partial
sampling of k-space used here. This artifact is eliminated by recon-
struction with CS, as in Fig. 10c. There is some evidence of blurring
in the UTE images shown in Fig. 10, especially where the beads
touch the walls. This is likely due to slight errors in the k-space tra-
jectory measurement [34]. However, overall the resolution of all
three images is essentially equivalent, demonstrating the potential
for UTE to obtain high-resolution images of complex samples.
The UTE images shown in Fig. 10b and c were acquired using 64
center-out, radial spokes. Thus, these images were already
obtained from only one quarter of the radial spokes required for
a complete sampling of k-space at a resolution of 128  128 pixels.
To further demonstrate the strength of the CS algorithm when
reconstructing under sampled images, an image of the bead pack
is shown in Fig. 10d obtained with only 32 center-out, radial
spokes. The acquisition time of this image is 1 min, half of that
used for the images in Fig. 10b and c and an eighth of the time that
would be required for a fully sampled center-out radial image. The
intensity of the reconstructed image exhibits slightly more of the
classic ‘‘stair-case’’ artifact [35], however, the structure of the bead
pack is recovered accurately, with a clear demarcation between the
solid beads (no signal) and the water. Indeed the image is very
similar in quality to the UTE image acquired using all 64 radial
spokes shown in Fig. 10c.
To demonstrate the strength of the UTE sequence for imaging
short T2 material, we compare UTE and spin echo images of cork.
A schematic of the sample is shown in Fig. 11a. The T2 of cork is
much less than the minimum TE of the spin echo sequence, there-
fore there is no signal from the sample in the spin echo image
shown in Fig. 11b. In contrast, the UTE image, in Fig. 11c, clearly
shows the existence of a sample of cork. According to theory, the
optimal bandwidth for the acquisition is deﬁned by:
1
T
¼ Np
T2
ð7Þ
where T is the dwell time and N is the number of points in one
image dimension [12]. Considering the sample of cork, the optimal
dwell time for a 128  128 image would be 0.05 ls. This is not25 mm
(b)(a)
6 mm
6 mm
6 mm
11 mm
Fig. 11. (a) A schematic of the cork sample with dimensions is shown for comparison
reconstructed using CS with a = 0.0025 and b = 1.8. The TE in the spin echo is too long to a
Both images are shown with a ﬁeld of view of 25 mm  25 mm with a spatial resolution
echo was approximately 4 min with a TE of 3 ms and for the UTE was 2 min with a TEachievable with the present hardware, thus the image resolution
is linewidth limited when using the minimum achievable dwell
time of 1 ls per complex point. In a linewidth limited system with
exponential decay, the resolution is deﬁned by:
Dx ¼ 1
pT2
 
2p
cG
 
ð8Þ
where c is the gyromagnetic ratio of the nucleus and G is the acqui-
sition gradient strength [12]. However, as the gradient must ramp
up to reach the constant value in UTE, the true resolution will be
less than this. The ramp is on for 50 ls, with a 10 ls initial delay.
The ramp up can be used to estimate the actual signal decay at each
point in k-space. The resulting point spread function is no longer a
Lorentzian shape, but the resolution limit can be estimated to be
approximately 400 lm from the FWHM, or 2 pixels at the image
resolution considered here. Two rectangular pieces of cork are used
to show the obtainable resolution in the image in Fig. 11b. It is pos-
sible to resolve the gap between the pieces, though this was too
small to measure physically.
To further demonstrate the advantage of UTE, Fig. 12 shows an
image of 10 mm glass beads surrounded by rubber particles. The T2*
for the rubber is 75 ls making it difﬁcult to image with conven-
tional techniques, however, the signal from the rubber is well(c)
0
0.5
1
Signal Intensity
with (b) the Spin echo image and (c) the UTE image of cork. The UTE image is
cquire any signal whereas UTE can acquire data over the short signal lifetime of cork.
of 0.2 mm  0.2 mm with a 1 mm slice thickness. The acquisition time for the spin
of 10 ls.
124 H.T. Fabich et al. / Journal of Magnetic Resonance 245 (2014) 116–124resolved. The boundary of the glass bead shown in Fig. 12 is jagged
in appearance. The image was acquired using 32 center-out radial
spokes and is therefore signiﬁcantly under sampled in the azi-
muthal direction. Such under sampling could give rise to a jagged
artifact but should be removed by the CS reconstruction. A more
signiﬁcant effect arises from the dimensions of the particles and
the resolution of the image. The diameter of the rubber particles
is 0.2–0.5 mm and close to the resolution of the image, 0.2 mm.
Jagged or noise-like structure, as seen in Fig. 12, has frequently
been seen in high resolution imaging of poppy seeds [36] where
the diameter of the seeds is similar to the resolution of the image.
The acquisition time of the image in Fig. 12 was 500 ms. Thus,
these results demonstrate that UTE can provide high spatial and
temporal resolution measurements on short T2 and T2* samples.
5. Conclusion
UTE has been shown as an efﬁcient method of imaging short T2
and T2* systems. To accurately implement UTE it is necessary to
have a thorough characterization of the gradients and r.f. ampliﬁ-
ers to be used. It is important to measure the shape of the r.f.
and gradient pulses to determine whether these are balanced
and timed correctly, especially when imaging short T2* materials.
A gradient pre-equalization strategy was used to improve the ﬁdel-
ity of the slice gradient shape and hence the slice excitation proﬁle.
The gradient pre-equalization method should be applicable on
almost any hardware system, including those commonly used in
materials science and chemical engineering. The UTE sequence
was validated using a sample that could also be imaged with a spin
echo technique. The use of CS for image reconstruction signiﬁ-
cantly reduces the artifacts arising from under sampling and per-
mits accurate image reconstruction from a reduced number of
spokes, thus reducing the acquisition time. UTE was demonstrated
on two simple test samples. In the future, the approach outlined
here will enable UTE to be implemented on a variety of hardware
systems and applications and hence will open new opportunities in
engineering and material science.
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